An assessment is made of the ability of current theory to explain the phenomenology of upper atmospheric ozone as revealed by the sizeable body of measurements presenfiy available. The chemistry of ozone in the mesosphere and lower thermosphere is closely coupled to the chemistries of other oxygen/hydrogen-containing species, which must be considered concurrenfiy. To provide insight into the sensitivity of model calculations to the choice of values used for key chemical rate constants and climatological parameters, simple analytical expressions for ozone are derived for those situations when it is in photochemical steady state, the mesosphere during daylight hours and the lower thermosphere throughout the full diurnal period. The model is found to reproduce the detailed Aladdin 74 rocket measurements of ozone from 50 to 95 kin, numerous other measurements of mid-latitude ozone in the lower mesosphere, the secondary maximum in the ozone vertical distribution at the mesopause, and the diurnal variability of ozone seen in the radio measurements of Wilson and Schwartz (1981) and other observations. The agreement with the Aladdin 74 data results from adjusting some key parameters within the uncertainties of laboratory measurements or known natural climatolog/cal variability. The variety of mid-latitude observations can be understood in terms of the estimated variability of environmental factors: diurnal, seasonal, and solar cycles in the solar illumination; the abundance of water vapor; and the details of the thermal profile of the atmosphere. The ozone secondary maximum results from the onset of the coupling between active-hydrogen and active-oxygen chemistry and its observed variability may be a consequence of secular changes in mesopause dynamics. Above ---95 km, ozone observations are consistenfiy higher than model results and cannot be accounted for by the set of reactions currently included in the model.
INTRODUCTION
Ozone in the terrestrial atmosphere between the stratopause (--50 km altitude) and the homopause (--100 km altitude), encompassing the mesosphere and lower thermosphere, is a subject worthy of detailed study, because its presence is a key factor in upper atmospheric processes that are of significant importance to human activities and the evolution of the terrestrial ecosystem. As a result of its optical and chemical properties, ozone affects the thermal structure and dynamics of the upper atmosphere [London, 1980] and its state of ionization, particularly in the D region where negative ions are important [Chamberlain, 1978] . Thus, the behavior of upper atmospheric ozone is 4842 ALLEN ET AL.: MESOSPHERIC AND THERMOSPHEIUC OZONE satellites [Krueger et al., 1980] . Increasingly sophisticated models of mesospheric/lower thermospheric ozone chemistry have been published in the past decade. Nicolet [1971, 1980] has presented the set of reactions important for the hydrogen/oxygen chemistry. The papers by Hunt [1971, 1973] , and Solomon et al. [ 1983] all present model profiles of ozone for part or all of the altitude range between the stratopause and the homopause. As a result of this cumulative work, a general understanding of the key chemical and atmospheric parameters affecting the ozone distribution has developed. Some of these papers present limited comparisons between model distributions and the observations available at the time. Since most of this work appeared, there have been significant changes in important reaction rate constants and improvements in the calculations of radiative transfer in the upper atmosphere and the treatment of relevant background atmosphere parameters. Moreover, in recent years the quantity and quality of ozone observational data has significantly improved, allowing more definitive intercomparisons between measurements and models. Thus, a new study benefitting from this recent progress seemed warranted with the purpose of identifying remaining shortcomings in our understanding of upper atmospheric ozone. In this paper the particular focus will be on the details of the vertical distribution of ozone and the diurnal and other naturally occurring variations in the ozone distribution at mid-latitudes.
The work presented in this paper is part of a larger research program focused on using observational data in conjunction with model calculations specific to the circumstances 'of the observations to derive values for the physical properties of the mesosphere and lower thermosphere and to test proposed reaction mechanisms of importance to the aeronomy of this altitude range. The first phase of this program was presented in Allen et al. [1981] (hereinafter Paper I). In this paper, we reported the derivation of values for vertical eddy diffusion that are consistent with the altitude distribution of several long-lived trace species. Preliminary results from our ozone modeling were used to constrain the values for eddy diffusion near the mesopause. In the course of the work reported in Paper I, we found that key hydrogen/oxygen reaction rate constants had to be varied from the experimental values. Only briefly discussed in Paper I, these points are more fully developed in the current work.
We begin our considerations of upper atmospheric ozone with a review of the chemical processes affecting its vertical distribution. Simple analytical expressions for the ozone concentrations at different altitudes are derived which approximate the key elements of the ozone chemistry. These equations provide simple explanations of the sensitivity of model computations to the choice of rate constants and climatological parameters. In light of this understanding we compare our model calculations with a detailed measurement of an ozone profile and refine some of our model parameters within the limits allowed by the uncertainties in their values. Our model so modified is used to assess the variation in ozone expected to result from perturbations in key climatological parameters. These predictions are then compared with the variability observed in the large accumulated body of mid-latitude measurements to verify our model description of ozone processes in the upper atmosphere.
CttEMISTRY OF OZONE IN THE UPPER ATMOSPHERE
To understand the chemical behavior of ozone in the mesosphere and lower thermosphere, one must simultaneously consider the chemistry of several compounds containing oxygen and/or hydrogen atoms. In particular, ozone is one of three important active-oxygen species, the others being atomic oxygen and the hydroxyl radical. Table 1 . This group of reactions is a subset of that used in Paper I. The concepts of activeoxygen and active-hydrogen to be utilized shortly are illustrated in the table by noting the net production or loss in active-O and/or active-H that results from each reaction [cf., Johnston and Podolske, 1978, Table 3 ]. In the next section, we will show how well this reaction scheme can reproduce a detailed observational O3 profile with some modification of reaction rate constants. A full discussion of the values chosen for the rate constants is saved for then. Table 1 are reactions involving molecules that have nitrogen and/or halogen atoms, reactions that are known to be important for understanding ozone chemistry in the stratosphere [WMO, 1981, and references therein]. This omission is valid because the combined importance of nitrogen-and chlorine-catalyzed destruction of O• is less than 10-15% of the total O• loss rate at 50 km WMO, 1981 ] and less than 1% at 55 km [Frederick, v Rate constants come from DeMore et al. [1982] , unless otherwise noted. c Diurnally averaged photodissociation values for 60 and 100 km, respectively, at summer solstice, 38øN latitude, using solar minimum flux [Rottman, 1981] . Indicated also is the wavelength range in which the cross sections are significant. a Omitted from the discussion in Paper I was the fact that 03 photolysis is increased by 1.9 • 10 -4 s-• (diurnally averaged value) at all altitudes to account for the contribution of the Chappius bands in the visible [CIAP, 1975] .
Not included in
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derive simple analytical expressions, where possible, to be values will be compared with recent experimental results. used to predict the O3 distribution in terms of parameters Using the reactions and rate constants listed in Table 1 that are easy to determine. This also allows identification and the atmospheric and computer models described in of the sensitivity of O3 vertical and diurnal profiles to cer-Paper I, a diurnal calculation was performed (comparable to tain factors. In the following section, the sensitivity analysis model 2 of Paper I). The most important reactions for will be used to identify key rate constants which, if revised, cycling among active-O species and interchange between would allow better agreement between model results and active-and inactive-O are pictured in Figure 1 . Some of the observations. The suggested changes to the rate constant properties of these species culled from the results of the However, mass transport indirectly does affect these latter When the lifetime of O3 is relatively short and the prospecies when their chemistry involves longer-lived species duction and loss terms nearly in balance, simple analytical controlled by transport (as will be seen, an important effect expressions describing the time variability of the 03 concenfor 03).
tration can be derived assuming that 03 is in photochemical be a function of space and time. Photolyric rate constants are indicated by Jn and kinetic rate constants by kn. At 50 km, the daylight O3 distribution will reflect the local nature of the background atmosphere (the O2 and N2 densities). The temporal variability will arise from the diurnal changes in the photodissociation rate constants directly (affecting the partitioning among active-O species) and indirectly by controlling the abundance of active-O and active-H, both of which are short-lived. Then, for (1) to be useful, we need to replace the concentration of atomic O and H with expressions in terms of related long-lived species.
Since the 0/03 partitioning of active-O is in equilibrium during daylight hours at 50 km, the abundance of atomic O is related to the total amount of active-O. The reaction rates for the important sources and sinks of active-O are shown in Figure 4 . The active-O group is in photochemical steady state; the production of active-O (see Table 1 Upon eliminating the terms in (1) least important for daylight hours at 50 km (e.g., the nonphotolytic 03 loss channels) and the minor terms in (7), solving for 03 yields the 
As mentioned earlier, the mesopause is a transition region for ozone chemistry. Whereas below the mesopause, the 03 lifetime is very long during the night, at the mesopause the nighttime lifetime becomes less than I hour so that it is chemically active throughout the 24-hour diurnal cycle. However, both active-O and active-H, although short-lived, are not in steady-state (loss far exceeds production), and, so a useful analytic expression for nighttime 03 loss terms are not in balance (Figure 7) . This leads to a tions, species with chemical lifetimes greater than a day will difference between the simple analytical and detailed com-be affected, which in turn influences the 03 distribution. putations of as much as a factor of three at noon. Figure 8 On the other hand, these reactions are unimportant in shows that the analytical expressions for 03 reproduce the terms of the details of diurnal changes, the basis on which trends of the detailed computer model in general. At cer- Table 2 was derived. For example, as discussed in Paper I, tain altitudes for particular local times, the values for 03 the atomic O thermospheric distribution is a balance from the simple expressions are in such good agreement between photolytic production (reactions (R1) and (R2)) with the results of the detailed computations that these and downward transport. The photolyric reaction (R6) expressions can be used in other types of aeronomic models converting H20 to H2 indirectly affects 03 at 80 km and where the presence of 03 is important to the processes being above because of its impact on the vertical distribution of considered, but a full treatment of the 03 chemistry is awkward.
Numerical Sensitivity Analyses
The simple analytical expressions we have derived for 03 densities are summarized in Table 2 . With these equations, we can calculate the sensitivity of the 03 distribution to changes in any of the input physical or atmospheric paramlong-lived, but not inert, H20. The photolyric reaction (R5) is the main source of active-H in the thermosphere, which in turn is important for controlling the 03 distribution. The reaction between atomic O and 03 (reaction (RI 6)) is indicated in Table 3 to be important at 50 km but has not been accounted for in the above equations. This is because R I6 is less important than O + OH (reaction (RI 7)) as a loss mechanism for active-O in the basic model of Table O3 at 80 km to (R23) as seen in Table 3 shows that (R23) 3. The diurnally averaged steady state calculation is very still is an important active-H loss process although A comparison of Table 2 and 3 reveals that almost all Given the validity of the simple expressions in Table 2 pmmneters which, when doubled, would change the O• con-for representing the key processes affecting O•, we can now centration by more than 10% are accounted for in the sire-use these equations to understand the detailed diurnal pie analytical expressions at the appropriate altitudes. How-profiles of O• generated by the computer calculations. The ever, Table 3 shows O• to be fairly sensitive to certain reac-diurnal variation of O• resulting from a diurnal calculation rions not appearing in Table 2 Figure 11 where the results of a diurnally averaged calculation using the basic/final atmosphere and kinetic parameters (see Table  1 ) are seen to be very similar to results for 1600 LST (;• -47') from an explicit diurnal calculation (from which the results shown in earlier sections are derived). The good agreement between our model results and the observed 03 profile in the 50-to 95-km altitude range only results after a variety of parameters are modified.
Derivation of Basic Model Parameters
When we initiated this investigation, the most currently The adjustments to the adopted eddy diffusion profile between 50 and 90 km do affect the 03 profile even though 03 may be short-lived. Thus, easily observable 03 can be used as a tracer of transport in the upper atmosphere. However, the discrepancy between Aladdin 74 observations and model results remains significant. Also poorly known is the magnitude and variability of H20 at the mesopause. As seen in Table 2 , the relative sensitivity of the 03 concentration to the local H20 abundance is a maximum at 80 km, and, thus, a change in the adopted 40 km boundary condition for H20 would result in a change in the 03 concentration largest at 80 km (Table 3) The analysis of 03 chemistry presented earlier in this paper and summarized in Table 2 Below 70 km, model 03 is sensitive to k23 which we increase slightly to improve the match between model and observations and to k17 which is decreased. The value for k23 in Table 1 Table 2 ). Thus, the values in Table 1 The model 03 profile resulting from making all of these adjustments in the kinetic rate constants is shown in Figure  11 (profile demarcated with crosses). The rate constants of less important reactions have been updated in accord with DeMore et al. [1982] . The discrepancy at the secondary maximum is significantly reduced. Although the largest changes allowed by the measurement uncertainties are implemented, the model secondary maximum is still higher than the observed value. One major model parameter not yet considered is the temperature profile, adjustment of which could allow the model results to better reproduce the observations. Since so many of the reactions in Table 1 are temperature-dependent, the ozone abundances at all altitudes are sensitive to some extent to the local value of the atmospheric temperature. The variability of 03 in the mesosphere and lower thermosphere resulting from changes in the temperature field is a key element in the studies of Frederick [1979, 198 la, b] . Gravity waves can result in oscillating temperature profiles [Frederick, 1979] Figures 13b-13d) . The high latitude autumn solar maximum atomic-H measurements of Evans and Llewellyn [1973] are an order of magnitude smaller than lower thermosphere model results (including our own run with a "solar maximum" spectrum), leading these authors to suggest a very dry mesosphere. They also measured at the same time O3 (in fact, the atomic H results are dependent on the O3 observations) and found more than our models generate, but consistent with O3 chemistry In Table 3 Table 3 .
The reduction in solar illumination from summer to winter (mean zenith angle is increased) increases the daytime ozone level below 80 km because the photolytic source of active-H decreases proportionately more than the photolytic production of active-O or the photodissociation of 03, the ratio of the last two remaining relatively constant (see Table 2 Table 3 ). The additivity of the effects of variation in illumination and temperature is correct only when these changes are referred to the same pressure level in both seasons (see later discussion).
When the solar zenith angle is constant (fixed season) and the solar spectrum is changed from solar minimum to solar maximum, the calculations predict minimal change in mesospheric 03, but an appreciable increase in 03 at and above the mesopause. The altitude trend in the magnitude of the variation in summer shown in Table 3 is similar to that reported by Garcia et al. [1983] . Brasseur et al. [1983] calculate an increase throughout most of the summer mesosphere and also a smaller increase in the lower thermosphere than in Garcia et al. [1983] or our model. Although they are both two-dimensional calculations, Brasseur et al. [1983] find 03 decreasing at the winter mesopause while show large decreases in 03 above 70 km at solar maximum. This result is probably because the H20 profile was held constant for the comparison, although this detail is not addressed in the paper. Similarly, the 27-day solar cycle model calculations of Frederick [1977] show large negative changes in 03 above ---65 km at the maximum of Lyman a emission. In this case, Frederick [1977] deafly states that the H20 profile was left unchanged. Since the time scales for photolysis of H20 and eddy diffusion transport are less than or about a few days below 100 km (see Figure 1 in Paper I), actually not much change in 03 should be expected during the course of a 27-day cycle. To examine this point further, we did a 14-day calculation (diurnally averaged radiation field) using a solar maximum spectrum but starting at the basic model 03 profile for solar minimum illumination. Minimal change (•<1%) occurred below 80 km, but above there were increases in 03 of 8% at 84 km, 28% at 90 km, and 16% at 100 km. Since' the actual variation in the solar spectrum over a 27-day cycle is less than over the 11-year cycle, such changes in 03 in a 14-day period would not be expected, but the trend is suggestive. The sensitivity of the 03 profile to the local values of H20 and temperature has already been discussed at several points in this paper. The distribution of H20 above the stratopause is very dependent on the upward transport from the stratosphere as represented in our model computations by the 40 km (lower) boundary condition entered for the H20 mixing ratio. Table 3 shows the consequences of the different values used in our calculations. To enhance the ability of the calculations to reproduce the Aladdin 74 observations, the adopted temperature field was increased by 20 K. The effect of such a change is also summarized in Table 3 . The enhanced sensitivity to variation in temperature at the stratopause and in the lower thermosphere is due to the increased importance of O + 03 (reaction (R16)) to the loss of 03 at these altitudes. Among the reactions to which 03 is most sensitive, the activation energy of (R16) is one of the largest. The change in 03 due to temperature fluctuations at a given altitude actually will be somewhat different from the values reported in Table 3 because at a specific altitude temperature and pressure are inversely correlated, leading to changes in photolytic rate constants.
However, in the calculations reported in Table 3 , the density profile has been held constant so that the indicated degree of variation roughly represents the sensitivity at the If all species, including long-lived ones such as H20, are allowed to relax to steady state with varying temperatures, the covariance increases to 1300 K.
Tuned for the circumstances of the Aladdin 74 measuremerits, our model results can also be compared with a larger group of mid-latitude 03 observations if the variability of solar insolation and climatological parameters (Table 3) is kept in mind. Indeed, the variety of conditions under which the available measurements have been made can be used to check the predictions of our model. The discussion of model results and 03 observations at the mesopause is presented elsewhere in this paper. However, most measurements have been of the lower mesosphere, which is fortuitous for the purposes of this comparison since solar cycle effects are expected to be minimal and the daytime variability due to changing solar zenith angle is only --13% at 50 km, 25% at 60 km, increasing to 41% at 70 km in our model. The variability of seasonally changing illumination and local H20 abundance potentially can add variance from model predictions (see Table 3 ) of 16% at 50 km, 18% at 60 kin, increasing to 46% at 70 km. The exact value of the local temperature is the parameter in the lower mesosphere that can have the biggest impact on the observed value of 03, adding a potential variability factor of 34% at 50 km, 22% at 60 km, and 26% at 70 km for a20 Kchangein Systematic changes in 03 due to seasonal variability of key climatological parameters are implicit in the differences in the 03 profiles (models and observations) for the different seasons just discussed. Using data from different experiments to determine secular variations will probably introduce errors due to systematic differences between the experiments, so the following discussion will emphasize comparison with single instrument data sets. As discussed by Prather [1981 ] , model seasonal trends must be referred to a constant pressure or altitude, whichever is appropriate for the comparison observational data set, since the results in the two cases are different. In agreement with his model computations, we find that, upon using the appropriate background model atmosphere and solar illumination, at a specific altitude the 03 density in winter is 25-45% less (03 mixing ratio 15-30% less) than in summer, between 50 and 90 km. On the other hand, at a constant pressure level (to which the constant density calculations reported in Table 3 
COMPARISON WITH OTHER MODELS
Since the models of ozone in the mesosphere and lower thermosphere that have been published within the past 10 years all have the same important reactions, variability in the results must arise from differences in computational techniques, solar illumination calculations, rate constants, and/or environmental parameters. A survey of this earlier theoretical work in light of our current model will further illustrate the sensitivity of our results to the approach and parameters we have adopted. A comparison of results at certain specific altitudes should be most instructive. At 50 km, there is little variation due to diurnal or solar cycle changes in the solar illumination and only a weak sensitivity to different values adopted for H20 at the stratopause. The situation is similar at 60 km, except for the slight diurnal variation between day and night. Thus, variability in the model results for the lower mesosphere will be a consequence mostly of different rate constants being used. On the other hand, the results of the different models at the secondary maximum near 80 km will be interesting to compare since O3 at this altitude is very reflective of climatological variables used in the computations in addition to the adopted rate constants. One point that simplifies the intercomparison is that the O3 values at noon and midnight at 80 km are very similar, although the values at other times are very different. A set of parameters not frequently reported is the adopted atmospheric temperature profile. While use of different standard atmospheres might result in changes in the O3 calculations of as much as 50%, we will discuss in this section possible sources of differences between models of greater than 100%.
Hunt [1971, 1973] demonstrated the impact on the ozone profile due to the presence of mesospheric water. His ozone densities are systematically a factor of 2-4 larger than later calculations, but it is impossible to identify a single cause of this difference because all of his key rate constants are different from ours. For one thing, his lower boundary condition (at 60 km) for H20 is 5 ppmv, whereas our H20 mixing ratio at the same altitude is ---7 ppmv. The drier mesosphere will result in increased 03 (up to 40%, see Table  3 ) at all altitude levels. Moreover, because of the adopted rate constants, the key active-H species for catalytic destruction of active-O, OH, is significantly less in Hunt [1971, 1973] [1978, 1979] branching ratios for H + HO2 (our (R30)-(R32)), would contribute to this result by depleting active-H at the mesopause more than would occur with the current rate constant values. In the latter paper, a slow value for O + HO2 (our k •8) is used, which would tend to produce an 03 increase.
The multidimensional model of Garcia and Solomon
[1983] is a contemporary of our own work. They present a mid-latitude annual average for the 03 vertical profile. In this case we would expect from Table 3 that their lower mesosphere 03 would be somewhat higher than ours, but actually it is lower by 20%. Their mesopause 03 shows more structure than our own. However, from the experience of fitting a particular measured 03 profile, we know that small variations in the rate constants adopted would result in the profile of Garcia and Solomon [1983] . The values of key climatological variables --H20, temperature, transport-play a significant role in determining the 03 profile so that differences in these variables will also intro- 
CONCLUSIONS
A sizeable body of mid-latitude mesosphere/lower thertoosphere ozone measurements has been acquired within the last 15 years by a wide range of observing techniques. We attempt in this paper to provide a theoretical understanding of the variety of phenomena illustrated by these sets of data. We are aided in this analysis by simple analytical expressions that can well describe the ozone abundances over much of the day at the various altitude levels. Particular attention is paid to the detailed ozone profile from the Aladdin 74 rocket flights, which we found to be reproduced by model calculations when adjustments are made to key parameters within the range of their known uncertainty. This model can explain, in general, the observed natural variability of lower mesosphere ozone due to changes in environmental factors, but assumptions about the values of some critical climatological parameters always need to be made. The interesting, but less frequently measured, secondary maximum near the mesopause is shown to arise from the coupling of active-hydrogen and active-oxygen chemistry. The abundance of ozone at the mesopause seems to undergo significant variation, which may be the result of secular variation in the dynamics of that altitude range. We find that the measured ozone profile above 100 km cannot be matched by calculations. Since only a few reactions in the current model are important in that altitude range and the magnitude of these processes are well constrained, new reactions need to be considered.
Thus, key chemical cycles involving oxygen and hydrogen atoms that are important to ozone in the mesosphere and lower thermosphere and also in the stratosphere have been verified to a large degree. Currently, the observed variability of ozone can be ascribed to changes in climatological variables. However, this satisfying picture of our understanding of ozone above the stratopause is not truly accurate. Even though very few parameters need to be specified to calculate the ozone abundance, our knowledge of the correct values to use is surprisingly poor. The uncertainties in the laboratory measurements of the key rate constants are too large for the type of comparisons that need to be made. For example, the recently revised quantum yields for H20 photodissociation at Lyman a [Slanger and Black, 1982 ] result in a doubling of J5 at tOO km (but little change below 70 km) and in a decrease in J6 by a factor of 6 throughout the atmosphere (relative to the values reported in Table 1 and shown in Figure t0 ). The consequences of these changes can be understood in terms of the discussion in our paper. Active-O is reduced by 50% at the mesopause and by 10% at 70 and 90 km. The reduction in 03 is similar to that of active-O at and below the mesopause; the reduction is somewhat larger in the lower thermosphere (90 km, 35%; 100 km, 10%). The decrease in J6 reduces the rate of conversion of H20 to H2, resulting in an enhancement of H20 of 20% at the mesopause and above. The consequent reduction in H2 (cf. Figure 14) is 21% at 50 km, 32% at 60 km, 64% at 70 km, and 35-45% at and above 80 km. As expected from equation (13), the atomic H values change very tittle in the mesosphere but double in the lower thermosphere. Being the dominant acfive-H species in the mesosphere, OH reflects the changes in J• and is increased by 13% at 70 km and 78% at 80 km (and in the lower thermosphere, 88% at 90 km and 57% at 100 km). The abundance of HO2 is coupled to that of OH (equation (5) Briefly outlined in the introduction to this paper is the importance of ozone to the physics and chemistry of the upper atmosphere in a variety of ways. If an understanding of the "normal" variability of ozone is achieved, "abnormal" ozone values can be recognized and the fact that the atmosphere is being "unusually" perturbed also can then be recognized. In this way, new correlations of terrestrial atmospheric behavior with other phenomena may be identified. Furthermore, an understanding of ozone chemistry and related processes permits better analyses of the future response of the atmosphere to a variety of anthropogenic modifications.
